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We discuss different approaches to photon isolation in fixed-order calculations and present a
new next-to-next-to-leading order (NNLO) QCD calculation of Rγ
13/8
, the ratio of the inclusive
isolated photon cross section at 8 TeV and 13 TeV, differential in the photon transverse
momentum, which was recently measured by the ATLAS collaboration.
1 Introduction
Both inclusive isolated photon (γ + X) and photon-plus-jet (γ + j) production in pp collisions
present a means to test QCD dynamics using a colourless probe. Because their Born-level
processes are q¯q → gγ and qg → qγ, related observables are sensitive to the gluon-distribution
in the proton already at leading order (LO).
Recent experimental analyses by ATLAS1,2 and CMS3 pushed the experimental uncertainties
down to a few percent. To match this accuracy also in theory calculations, the inclusion of NNLO
QCD corrections is crucial. They have been calculated for γ +X and γ + j at
√
s = 8 TeV by
the MCFM 4 collaboration. In our recent paper 5 we present an independent calculation of the
NNLO corrections, using the NNLOJET framework. NNLOJET is a parton-level event generator
which uses the antenna subtraction method 6 to subtract the infrared (IR) QCD divergencies.
The matrix elements for γ +X and γ + j are implemented up to NNLO in analytic form.
In the experimental environment it is necessary to separate any photon produced in the hard
partonic scattering process from photons of other origin, for example radiation occurring during
the hadronization process. One therefore measures the hadronic energy in the vicinity of the
photon and defines conditions for its shape and amount. If these are met, the photon is said to
be isolated.
When reconstructing the experimental isolation procedure in fixed-order theory calculations,
one has to deal with hadronic radiation arbitrarily collinear to the photon. This must be taken
care of by either including photon fragmentation functions to the perturbative order under con-
sideration, which to NNLO has not been done so far, or by modifying the isolation prescription
to eliminate the collinear configurations. In the latter approach a systematic difference between
isolation procedures used in experiment and theory emerges.
2 Photon Isolation
There are several prescriptions for the photon isolation. They mainly differ in how exactly the
”vicinity” of the photon is defined and how the hadronic energy therein may be distributed. The
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two most common ones are the fixed (hard) cone isolation, and the dynamical cone (Frixione 7)
isolation.
Fixed cone isolation - A cone around the photon axis is defined by the distance R =√
∆η2 + ∆φ2, called the radius of the cone. The integrated hadronic transverse energy within
the cone has to be smaller as a certain EmaxT for the photon to be considered as isolated. Often
EmaxT is given as a simple linear function of the photon transverse momentum/ energy:
EmaxT = εE
γ
T + E
thres
T . (1)
This isolation criterion is used in all experimental analyses so far. It allows, however, for
hadronic radiation arbitrarily collinear to the photon, as long as its energy is not to large. This
introduces a sensitivity to the photon fragmentation, which is difficult to describe from the
theoretical viewpoint. On the other hand it is not possible to simply set EmaxT = 0, because
this would, while indeed eliminating the fragmentation sensitivity, cut out part of the soft phase
space, rendering observables IR unsafe.
Dynamical cone isolation - Instead of a fixed EmaxT one defines a profile E
max
T (rd) with
EmaxT (rd) → 0 as rd → 0. rd is again the distance from the photon. For any sub-cone with
rd smaller than some maximal radius Rd the integrated energy within this sub-cone must not
exceed EmaxT (rd). The functional form of the profile conventionally used is
EmaxT = εdE
γ
T
(
1− cos rd
1− cosRd
)n
for all rd < Rd . (2)
This prescription both eliminates the fragmentation sensitivity and ensures IR safety. It can,
however, only be approximated in experiments and so one has to tune the parameters of the
dynamical isolation to fit the experimental setup as closely as possible.
This difference in the isolation procedures used in experiment and theory is unsatisfactory,
as it is a source of uncertainty, which is difficult to quantify. Only the inclusion of the photon
fragmentation functions to the same order as the partonic calculation can solve this issue. To
NNLO this has not been done so far. But an improvement over the current situation can already
be achieved by combining both fixed and dynamical cone in a hybrid approach 8, as used by
ATLAS in their γ + j study 2.
Hybrid cone isolation - A dynamical cone with comparatively small Rd is used to eliminate
the fragmentation contribution. In a second stage of the isolation a fixed cone with R2  R2d
is applied, the parameters of which are chosen according to any experimental analysis under
consideration. In this way observables should retain the correct dependence on the parameters
of the outer ”physical” isolation cone. A residual dependence on the inner dynamical cone
remains, but can in principle be made small for a suitable choice of parameters. In our paper 5
we present some technical studies on the choice of the inner cone parameters. We calculated the
total cross section for γ +X at 13 TeV as a function of the outer isolation cone radius R, too.
It would be interesting to see this analysis performed also in experiment.
3 The ratio Rγ13/8
In our paper 5 we calculated, using the hybrid isolation procedure, several differential distribu-
tions for γ +X and γ + j at 8 TeV and 13 TeV, based on studies by ATLAS 1,2 and CMS 3. We
found that the inclusion of NNLO corrections leads to an significant improvement in both the
accuracy of the predictions and the description of the data. Amounting to no more than a few
percent, the theory uncertainties are now competitive with experimental errors.
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Figure 1 – Rγ
13/8
as a function of the transverse energy/momentum of the isolated photon at LO, NLO and NNLO
in four different rapidity bins, from central (top left) to most forward (bottom right). The theoretical uncertainty
bands are derived by means of an independent variation of factorization and renormalization scales, both in the
numerator and the denominator (see text for details). The results are compared to ATLAS data 9.
Here we present a NNLO calculation of the ratio Rγ13/8 of the γ+X cross section at 8 TeV and
13 TeV, differential in pγT and presented in four rapidity bins. It is based on a recent measurement
of this quantity by ATLAS9. Measuring ratios is a means to reduce the experimental systematic
uncertainties.
Both the 8 TeV and the 13 TeV measurements of the pγT -distribution in isolated photon
production by ATLAS were performed in four different regions in rapidity
|yγ | < 0.6 , 0.6 < |yγ | < 1.37 , 1.56 < |yγ | < 1.81 , 1.81 < |yγ | < 2.37 , (3)
which excludes the region [1.37, 1.56]. The ratio is measured in the same bins, using the overlap
of the phase-space regions of both measurements, with pγT > 125 GeV.
For the NNLOJET prediction we use the NNPDF3.1 PDF set and a hybrid photon isolation
with parameters
Rd = 0.1 , εd = 0.1 , n = 2 ,
R = 0.4 , EthresT = 4.8 GeV , ε = 0.0042 ,
(4)
where the fixed-cone parameters (R,EthresT , ε) correspond to the isolation set-up used by ATLAS.
The theory prediction for Rγ13/8 has not been performed as an independent calculation, but
rather has been derived using the two calculations for 8 TeV and 13 TeV. For both the theoretical
uncertainty is estimated by means of a seven-point scale variation, µF = a p
γ
T , µR = b p
γ
T with
a, b ∈ {1/2, 1, 2}, where we exclude the configurations with a/b ∈ {1/4, 4}.
The uncertainty of Rγ13/8 has now been estimated by forming the ratio for all possible com-
binations of the seven scale configurations for numerator and denominator, excluding again the
combinations where the ratio of any two scales equals 1/4 or 4. This effectively corresponds to
a generalisation of the seven-point scale variation for two scales to a 31-point variation for four
scales.
In figure 2 we show the result in the four rapidity bins mentioned above and compare to
ATLAS data 9. Except for the highest bins in pγT the description of the data is excellent.
Like for the calculations 5 for individual
√
s we see a significant reduction in the uncertainty
when going from NLO to NNLO: While at NLO the uncertainty lies between (+10,−9)% and
(+17,−14)%, only slightly growing with pγT and |yγ |, at NNLO it lies between (+3.4,−2.8)%
and (+6.5,−4.0)%.
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